Abstract Metabolism, downstream effectors of genomics, transcriptomics, and proteomics, can determine the potential of phenotype of an organism including plants. Profiling the global scenario of metabolism requires optimization of different solvent extraction methods. Here, we report an approach comparing three different metabolite extraction strategies, including ammonium acetate/methanol (AAM), water/methanol (WM), and sodium phosphate/methanol (PM) in soybean plant using ultra-high-performance liquid chromatography coupled with high-resolution mass spectrometry (UHPLC-HRMS). Interestingly, both AAM and WM methods were found to cover a wider range of metabolites and provide better detection of molecular features than the PM method. Various clustering analyses based on multivariate statistical tools revealed that both AAM and WM methods showed tight and overlapping extraction strategy compared with the PM method. Using MatLab-based Mahalanobis distance (D M ) calculation, statistically significant score plot separation was observed between AAM and PM, as well as WM and PM. However, no significant separation was observed between AAM and WM, which is expected from the overlap of principal component scores for these two methods. Using differential metabolite expression analysis, we identified that a large number of metabolites were extracted at a significantly higher level using AAM vs. PM. These comparative extraction methods suggest that AAM can effectively be applied for an LC/MS-based plant metabolomics profile study.
Introduction
The study of metabolites is called metabolomics, which is the downstream complement to genomics, transcriptomics, proteomics, and environmental stimuli, offering a global as well as targeted assessment of the physiological state of a biological system [1] . Metabolites play crucial roles in the living system, acting as both the input and the output of cellular and physiological processes; any range of metabolite perturbations are linked to disease, genetic modification, and environmental conditions [2] . Undoubtedly, it is critically important to evaluate metabolite extraction methodologies for an accurate metabolite profiling study, because a solvent composition that is good for one chemical class, may not be suitable for another chemical class, and also may not be suitable for extracting large numbers of metabolites from a particular tissue. Therefore, it is important to understand and monitor the effects of the applied solvent treatment on the metabolic content of the samples and the profile obtained [3] .
In general, biofluids and tissues are commonly utilized samples for metabolic profile analysis of living system, with biofluids central to animal studies [4] and tissue samples used from both plant and mammalian system for metabolic profiling. Metabolite extraction from various biological fluids such as urine [5] , plasma, and serum [6] are relatively less complicated, but still required optimization when used. However, metabolite extraction from tissue samples for both plants and animals can be more challenging due to the presence of very diverse metabolites, varied physicochemical properties, and concentration ranges in solid specimens [7] .
However, until recently, a majority of previous studies have placed more importance on the development and advancement of identification approaches or data processing and analysis tools instead of emphasizing metabolite extraction techniques [3] . Recently, some recent research has focused on different metabolite extraction methodologies applied prior to NMR [8] [9] [10] or MS-based metabolomics profiling in plants [11, 12] . Currently, none of the methods for metabolite extraction are perfect for addressing global metabolic profile. Thus, for solubilizing a higher number of metabolites from plant tissues, efficiency of different solvents or solvent combinations still requires testing and optimization.
In order to gain more insight into the plant metabolic profile, three different metabolite extraction strategies were compared combined with ultra-high-performance liquid chromatography and high-resolution mass spectrometry (UHPLC-HRMS). In metabolomics, UHPLC-HRMS is widely used and a highly acceptable metabolite profiling tool which is amenable to a wide variety of compounds, as well as excellent quantitation, reproducibility, and sensitivity [13] . Multivariate statistical tools such as principal component analysis (PCA) were applied to understand the efficiency of individual metabolite extraction method as well as metabolite fold-change analysis in order to clearly understand the most efficient method for extracting and improving the number of metabolites detected. The specific aims of this research were to compare three different extraction methods, and then select the best methods which would yield wide-ranging metabolites for studying plant metabolomics.
Materials and methods

Chemicals and materials
LC/MS-grade water, methanol, ammonium acetate, sodium phosphate, acetonitrile, and formic acid were purchased from Fisher-Scientific (Fairlawn, NJ). A mixture of four isotopically labeled compounds comprising caffeine-D3, leucine-D10, creatine-D3, and tryptophan-D3 (Cambridge Isotopes) in each extraction were used as quality control standard sample. Soybean leaf tissues were provided by the Southeast Center for Integrated Metabolomics (SECIM) Center core-2. For individual extraction method, 10 mg of freeze-dried soybean leaf samples were used. Tissue samples were collected in three replications for each extraction method and analyzed in triplicate.
Metabolite extraction
Three different extraction methods were utilized: (1) 1:1 10 mM ammonium acetate/methanol (AAM), (2) 1:1 water/methanol (WM), and (3)1:1100 mM sodium phosphate/methanol (PM) for extracting metabolites from lyophilized soybean leaf tissues. Metabolites were extracted using a modified version of an extraction previously described by Kim et al. [8] . For each extraction, 10 mg of tissue samples was measured into a separate 2.0 ml microcentrifuge tube and was then added 250 μl ammonium acetate solution and 250 μl methanol for AAM extraction at pH 6.0; 250 μl LC/MS-grade water and 250 μl methanol for WM method at pH 7.0; 250 μl sodium phosphate buffer and 250 μl methanol for PM extraction at pH 7.5. In each tube, 20 μl of the internal standard mixture (40 μg/ml L-tryptophan-2,3,3-D3, 4 μg/ml D-leucine-D10, 4 μg/ml creatine-D3 H 2 O (methyl-d3), and 4 μg/ml caffeine-D3) was added before adding the solvent. The samples were vortexed for 1 min, followed by ultrasonication for 15 min at room temperature and centrifugation at 20,000 rpm for 10 min at 4°C. From each individual extraction method, the supernatants were isolated and transferred to a new 1.5-ml microcentrifuge tube, and the aqueous layer was then centrifuged again at 20,000 rpm for 10 min at 4°C to completely avoid protein contamination. Finally, supernatant were transferred to LC/MS vial for data collection. An outline of three extraction methods is shown in Fig. 1 . During the experiment, QC samples were run each time. A pooled QC (25uL aliquot) was prepared for each extraction method and injected after every five samples; one pooled QC was used to estimate the system reproducibility, and one blank (prepared by using solvent that used to reconstitute the sample) was used to flush the column. We did not observe any changes on the number of background ions while blank changes for each solvent extraction system. Also, we did not notice any effects on reproducibility of ion source while changing blank. The stability and repeatability of the instruments were also evaluated using identical neat QC samples (a mixture of deuterated internal standards) throughout the process of experimental sample injection. PCA was performed to evaluate the variation of QC samples, which were supposed to show identical metabolic profiles under the same experimental condition. All of the neat QC samples clustered together, indicating a satisfactory stability of the instrument and pooled QC of respective methods clustered with respective group (Figs. 4b and 5).
Liquid chromatography/mass spectrometry data acquisition
Data collection was performed by reversed-phase UHPLC-HRMS. An ACE Excel C18-PFP column (2.1 × 100 mm, 2 μm particle size) maintained at 35°C was used for all extraction methods. Gradient mobile phase consisting of 0.1% formic acid in water (solvent A) and acetonitrile (solvent B) was used. The flow rate was 0.35 ml/min, and the injection volume was 4 μl. The total run time was 22 min, including a 2-min equilibration. Thermo Dionex Ultimate 3000 UHPLC was coupled to a Thermo Q-ExactiveOrbitrap (San Jose, CA). Mass spectral data was collected from m/z 70 to 700 in both positive and negative ionization modes with a run time of 0-17.5 min and a resolution of 70,000 (at m/z 200). MS tune conditions were as follows: spray voltage, 3.00 kV; sheath gas flow rate, 45 arbitrary units; auxiliary gas flow rate, 10 arbitrary units; sweep gas flow rate, 1 arbitrary unit; auxiliary nitrogen pressure, 5 arbitrary units; capillary temperature, 325°C; HESI auxiliary gas heater temperature, 350°C; and S-lens RF level, 30 and employed for collecting positive and negative ion mode data.
LC/MS data extraction, processing, and molecular feature analysis
Data were recorded from 0.0 to 17 min as total ion chromatography (TIC) and then corresponding MS data were extracted using Thermo Xcalibur (version 2.2.44). After data collection, raw data files were converted to mzXML format using ProteowizardMSConvert software [14] . MZmine 2.15 (freeware) was used for mass detection with mass detector centroid noise set at 1.0E5 using only MS level 1 data; chromatogram building and deconvolution were then applied (m/z tolerance, 0.005 or 10 ppm; retention time tolerance, 0.2 min; minimum time span, 0.1 min; and minimum height, 5.0E5) followed by isotope grouping, alignment (m/z tolerance 0.005 or 10 ppm, retention time tolerance 0.2 min), and gap filling (m/z tolerance 0.005 or 10 ppm, retention time tolerance 0.2 min, and intensity tolerance 25%). Total positive and negative ion molecular features were also counted using MZmine 2.15 [15] . MZmine-based online metabolite search engine KEGG and MMCD database, XCMS online database, and internal retention time library were used for the identification of metabolites.
Multivariate statistical analysis
Data were sum normalized, log transformed (generalized logarithm transformation or glog), and auto-scaled (mean centered and divided by the standard deviation of each variable) for multivariate statistical analysis using Metaboanalyst 3.0. The normalization by sum method is often used for spectral data in which the total spectral area is assumed to be constant and each feature is divided by the sum of all features. This method aims to reduce systematic bias during sample collection. Prior to performing analysis, m/z data tables were generated by using MZmine 2.15. All statistical analysis was performed using [16] . Principal component (PC)1, PC2, PC3, PC4, and PC5 score plot data were analyzed, where all score plot data showed very similar dynamics of metabolic profile. PC1 and PC2 represented most of the variables, then PC3, PC4, and PC5. For each score plot generated during the analysis, Mahalanobis distance (D M ), two-sample Hotelling's T 2 statistic (T   2   ) , F values (Ft), and critical F values (Fc) were calculated using MatLab R2010b software [17] .
Results and discussion
In this study, we compared three different metabolite extraction strategies for standardizing a small molecule metabolite extraction approach for soy leaf tissues. Different aspects for comparing and selecting best metabolite extraction method are discussed in the following sections.
Molecular feature analysis
The total ion chromatogram (TIC) patterns of three different extraction methods were overlaid to compare detection efficiency of molecular features from soy leaf tissues. AAM and WM extraction methods showed a similar TIC pattern and better detection of molecular features when compared with the PM extraction method at the regions of 0.62-2.0 min as evidenced by a decrease in signal for several metabolites in the TIC (Fig. 2) . Molecular features in a small subset at the region of 0.62-1.0 min with masses were compared to demonstrate the efficiency of metabolite extraction among AAM, WM, and PM. Comparison between AAM and WM extraction methods showed very similar mass spectra (Fig. 2) . In a same mass range, the AAM method demonstrated enhanced extraction (or reduction in ion suppression) of metabolites and high intense peaks in soy leaf tissues compared with the PM extraction method (Fig. 2) .
The primary goal of this comparative metabolite extraction strategy was to develop an extraction procedure that enabled optimal metabolite extraction for the determination of as many molecular features as possible. After collecting data using UHPLC-HRMS, raw data were then processed by MZmine software and obtained approximately 6500 (combining positive and negative ion mode) molecular features for both AAM and WM extraction methods and approximately 6000 (combining positive and negative ion modes) molecular features for PM extraction method (Fig. 3) . It was reported that two extraction methods such as multi-solvent extraction and water solvent extraction showed significantly different metabolic profile in human breast cancer cell line, MCF-7 [18] . In grape, different solvent mixture efficiency was evaluated by assessing the number of molecular features [3] . Here, applying three different extraction methods in soy leaf tissues, PM extraction was found to be less efficient for overall feature extraction. To further understand the molecular feature effects on metabolic profile of soybean using the three different extraction methods, a multivariate PCA was conducted.
Multivariate statistical analysis
Heatmap analysis based on a ward-clustering algorithm revealed strong correlation among metabolic features between AAM and WM extraction methods, but PM extraction showed a distinctly different profile (Fig. 4a) . Subsequently, Hierarchial clustering analysis of three different extraction methods also confirmed relatively closer clustering of AAM and WM extraction efficiency but not for PM extraction (Fig. 4b) . This analysis revealed greater similarity between AAM and WM extraction strategies. PM extraction demonstrated markedly different from those of the other two extraction methods.
Distinct separations among metabolic profiles extracted by the three different extraction methods for soybean leaf tissues were analyzed using PCA score plots, indicating distinctive differences in the extraction mechanism. More precisely, the AAM-and WM-extracted metabolic profiles were very similar; however, the PM-extracted profile showed distinct separation from AAM and WM (Fig. 5) . Pairwise PCA score plot analysis was carried out between AAM vs. PM, WM vs. PM, and AAM vs. WM in order to understand the metabolite feature production efficiency. Significant metabolic profile separations were observed in AAM vs. PM and WM vs. PM comparisons ( Fig. 5 ; Table 1 ). These significant separations indicated distinct extraction differences by AAM, PM, and WM methods. However, the AAM vs. WM extractions did not show Fig. 3 Molecular feature study. Combining both positive and negative ion data, ammonium acetate methanol (AAM), and water methanol extraction (WM) methods produced higher feature numbers, whereas phosphate buffer methanol (PM) extraction produced less features than both AAM and WM methods. However, it was interesting that the overall total number of metabolites detected with PM was higher than anticipated, as it is known that phosphate buffers can cause ion suppression with MS analyses Fig. 4 Hierarchical clustering analysis of three different plant metabolite extraction methods using Metaboanalyst 3.0. a Heatmap generated using sumnormalized and auto-scaled data based on Euclidean distance and ward algorithm. Each column refers to a sample and each row to a metabolic feature across the samples. b Dendogram derived based on Euclidean distance and ward algorithm as well. Phosphate buffer methanol (PM) extraction method clustered separately than the ammonium acetate methanol (AAM) and water methanol (WM) extraction methods significant separation in PCA, which was expected because the TIC pattern, molecular features, hierarchial clustering, and PC score plots of these two extraction methods were very similar ( Fig. 5; Table 1 ). For each pairwise comparison described above and shown in Fig. 5 , a calculated D M indicates the magnitude of the metabolic profile separation. This distance was considered significant based on the other calculated values given in Table 1 and described by Goodpaster and Kennedy [17] . If the F-true value is higher than the F-critical value, then the D M represents a statistically significant separation in the comparison, which is the case for AAM vs. PM and WM vs. PM. Visual inspection of the PCA score plots provided the completely separate clusters for two groups of spectra as well as computation of the D M also provided a convenient metric to quantitatively compare the magnitude of cluster separation [17] . PCA scores plots allowed discriminating pattern among control and experimental samples in various plant biotechnology research [19] [20] [21] . Each data point in a score plot represents all extracted metabolites present in one sample; therefore, the separations between the grouped metabolic profiles can be based on individual metabolites. Metabolite differences (qualitative or quantitative) that contribute to score plot separations were identified using differential statistical analysis ( Table 2) .
Efficient and proper metabolite extraction is a key part of metabolomics research and can drastically impact the results of analyses looking at key metabolic changes. Using a comparative extraction strategy, we identified efficient extraction of a large number of metabolites including amino acids and its derivatives (L-arginine, L-histidine, L-lysine, L-valine, L-threonine, and citrulline), nucleotides (uracil), growth hormone (zeatin), and aromatic compounds (lysl phenylalanine, D-glucosamine) by AAM extraction method over PM and WM methods ( Table 2) . It is important to note that this list of metabolites covers a wide range of chemical properties from organic acids such as pyruvate to amino sugars as in glucosamine and aromatic metabolites, thus showing the capability of AAM to extract the broad range of chemical diversity expected in plant species. It is interesting to note that all of the amino acids detected were extracted better using AAM over PM with the exception of modified amino acids N-nitrosoproline and Nacetylornithine. Further investigation of modified amino acid extraction using PM over AAM will be studied in future work. These metabolites were identified using an internal retention time library.
Some key differentially changing metabolic features in each extraction method also revealed higher similarity in the extraction of metabolic features between WM and AAM methods (Fig. 6 ). On the other hand, consistent with TIC pattern, clustering, and PCA analysis, PM extraction showed Table 2 ). Overall, this analysis further confirmed that AAM extraction strategy can be potentially applied in the plant metabolite profiling. Significantly changing metabolites were identified using one-way analysis of variance (ANOVA)
AAM ammonium acetate methanol, PM phosphate buffer methanol, WM water methanol
Conclusion
Increasing interest in plant metabolomics requires a straightforward and highly efficient metabolite extraction strategy. Therefore, in this study, we reported a comparative metabolite extraction strategy for developing a reliable method for LC/ MS-based plant metabolomics. For identifying an efficient extraction approach, different aspects including total ion chromatography comparison, molecular features, peak intensities, hierarchical clustering analysis, principal component analysis, and differential expression analysis were conducted. Based on all the analysis, AAM extraction method proved to be a more efficient metabolite extraction method in soy leaf tissues when compared with the PM method. The AAM extraction method is inexpensive and quick to perform and does not require any kits. This particular study will be useful for applying as well as expanding LC/MS-based plant metabolomics studies.
